What are the predictions of climate models, should we believe them, and are they falsifiable? Probably the most iconic and influential result arising from climate models is the prediction that, dependent on the rate of increase of CO 2 emissions, global and annual mean temperature will rise by around 2-4 ∘ C over the 21st century. We argue that this result is indeed credible, as are the supplementary predictions that the land will on average warm by around 50% more than the oceans, high latitudes more than the tropics, and that the hydrological cycle will generally intensify. Beyond these and similar broad statements, however, we presently find little evidence of trustworthy predictions at fine spatial scale and annual to decadal timescale from climate models. 
INTRODUCTION

C
limate models are the primary tool by which we create knowledge about the future impact of human activities on the global climate system. Possibly the most iconic and influential result arising from climate models is the prediction that, dependent on the rate of increase of CO 2 emissions, global and annual mean temperature will (with high probability) rise by around 2-4 ∘ C over the 21st century (see Ref 1, Fig SPM.5) . Supplementary predictions of a similar status are that the land will on average warm by around 50% more than the oceans, high latitudes more than the tropics, and nights more than days. Besides surface temperature changes, the hydrological cycle is expected to generally intensify by a few percentage points per degree Celsius of warming, and the stratosphere will cool. These results are broadly agreed upon by all global climate models (GCMs) which have contributed to the Climate Model Inter-comparison Project (CMIP) experiments 2 over the past several decades, although the magnitudes of the expected changes remain somewhat uncertain. Many more detailed predictions can, in principle, be made, for example on a regional basis, but uncertainty tends to increase substantially as the spatial scale decreases. For example, even the sign of the change in precipitation is uncertain in many areas over the coming decades.
But should we believe any or all of these predictions? And if so, which ones, and why? These are the fundamental questions which we hope to address in this article. We start by exploring the origins of the models and considering the nature of the knowledge that they impart. We overview the strengths and weaknesses of the models and then consider to what extent these models may be falsifiable or considered trustworthy.
limitations are immediately apparent under any close examination. Therefore, we approach the question in a more general sense, considering the ensemble of models as a whole: Are the models sufficiently wrong that we should anticipate reality falling outside the range of model results?
While the underlying motivation was for improved weather forecasting, a primary goal of atmospheric research in the 1940s and 1950s was to understand the general circulation of the atmosphere, 3 and the first numerical model of the atmosphere was built for that purpose. 4 With the addition of representations of the thermal structure and hydrology, the first true climate models were born. 5 It was not long until those models were being used to make predictions of temperature change caused by increasing CO 2 in the atmosphere. 6 Such models were further developed and used as a basis for the original 1.5-4.5 ∘ C estimate of climate sensitivity in 1979. 7 This estimate, of the equilibrium global temperature change under a doubling of CO 2 , has been repeatedly re-confirmed by both newer climate models, and a wide range of observational studies (see Ref 8 and references therein).
As model development has continued over the decades the model resolution and the range of processes modeled has increased considerably. Many models now include representations of the carbon cycle and atmospheric chemistry, and may be referred to as earth system models (ESMs) rather than General Circulation or Global Climate Models. Thanks to increased computer power, both the complexity of the parameterizations and the spatial resolution of the models have increased. However, as new components have been added, the fundamental physical responses of the modeled climate system have remained consistent with the early simpler models, and the coupling process has not uncovered any major errors in the pre-existing models, which are encouraging results in themselves.
Thus, the models started out as tools for helping us understand the general features of the atmosphere climate of the Earth, but they are now expected to predict future changes over the whole earth system at a variety of temporal and spatial scales. The actual level of performance of today's models across the range of spatial and temporal scales is not clear prima facie, so bears further scrutiny.
INTERPRETATION AND EVALUATION OF THE ENSEMBLE
The interpretation of climate model consensus has, over recent years, become the focus of increasing attention. It cannot be argued on a rigorous basis that climate model agreement necessarily implies correctness, 9 largely because of the ad hoc origins of the ensemble members, and unclear characterization of their inter-relationships. Models have shared code and ideas according to their origins, 10 and therefore rather than considering them as independent sources of evidence concerning the climate system, it may be more realistic (albeit still perhaps optimistic) to interpret the ensemble collectively as representing (at least approximately) our range of beliefs and uncertainties regarding the behavior of the climate system.
11
As simulators of the present-day climate, the models have considerable success. As well as elucidating many of the organiszing principles of the large-scale circulation, models reproduce many details of the behavior of the climate system, including the large-scale temperature and precipitation patterns, regular annual and daily cycles, and quasi-periodic internal variability such as El Niño, with a performance which has steadily increased over time. 12, 13 It is arguable that some of this fit to observations could be due merely to (over-)tuning, 14 which could mislead as to model performance in predicting of future climate change. However, tuning such complex models to fit multiple criteria is a rather ad hoc and difficult process, and therefore it seems reasonable to conclude that the models have also improved in a more fundamental sense, more closely resembling the climate system generally. This is particularly the case when models are found to represent, or predict, phenomena that were not previously recognized, as discussed in some detail in Ref 15. Models built on the same principles as climate models have decades of strong results in numerical weather prediction, which have also improved over time, 16 with model improvement being a significant factor in this. While there are strong arguments that climate model ensembles cannot provide probabilistically perfect predictions, 17 this is a very demanding level of performance. Here we consider a more appropriate goal to be merely that the model consensus (as outlined previously) does not mislead us.
An ability to simulate features of the current climate, while encouraging, does not imply that the models can accurately predict future climate changes, such as those expected under increasing levels of carbon dioxide. The broad scale predictions, which are robust within the model ensemble, are, however, also supported by physical understanding. As one example of this, polar amplification has long been anticipated 18 and can be explained as largely due to a combination of albedo and water vapor feedbacks, although research continues into the finer details. 19 Our understanding of anthropogenically forced climate change is not based wholly on complex, incomprehensible, and possibly unverifiable computer models. Rather, the models provide one strand of support for (and quantification of) effects that have a broader underpinning.
To gain more insight on the performance of the predictions from current models, it is useful to consider information from earlier generations. In 1984, James Hansen appeared before a US Senate Committee and provided a forecast of continuing warming on the global scale (later published in Ref 20) . This forecast has turned out to show significant skill, although the limited archiving of output has precluded a detailed analysis. 21 More recent models appear to be doing slightly better, 22 but it must be noted that opportunities for true validation of past decadal and longer forecasts are extremely limited, such that it is hard to draw general conclusions about climate model performance. Looking further back in time, paleoclimate simulations provide an alternative out of sample test of the models, since these simulations are invariably considered a low priority at the institutes where state of the art climate models are developed, and are only attempted after the conclusion of a phase of model development. As part of the most recent CMIP5 experiment, simulations of the Last Glacial Maximum (LGM) provide the opportunity to test the models' ability to represent quasi-equilibrium changes in the climate system due to large external forcings. Comparison with proxy data provides strong support for the models qualitatively and quantitatively reproducing the changes on the broadest scales, including the spatial patterns of temperature highlighted at the start of this article. On the regional scale there are, however, substantial disagreements in magnitude and pattern of temperature anomalies both between models and data, and also within the model ensemble. 23 Therefore, we cannot expect precise predictions from current climate models.
In fact, models are very far from being perfect. They struggle to generate robust simulations of recent climate changes on regional scales, even when run at the highest resolutions available. 24 There are numerous reasons for this, including both a reduction in signal-to-noise ratio and errors in the representation of the physics that can easily lead to displacement in the position of features of the climate system. One hope for the future is in the development of methods that attempt to correct such position errors. 25 Recently, a concerted effort has been put into developing prediction systems aiming at the decadal timescales. This timescale falls awkwardly between the short-term initial value problem of weather prediction (up to seasonal duration) where strong results have been obtained, and estimating the long-term response to external forcing. A recent analysis suggests that dynamical forecasts based on climate models perform clearly worse than empirical methods. 26 It seems that genuinely useful climate forecasting on the multiannual to decadal timescale may be still some way away at this time. 27, 28 Thus it is clear that the models can currently only be relied upon for a broad picture of future climate changes.
FALSIFIABILITY OF CLIMATE KNOWLEDGE
One fundamental requirement for a hypothesis to be considered scientifically valid is that it is in principle amenable to falsifiability. The hypotheses arising from model consensus (described above) are trivially falsifiable in principle, by the process of waiting for 100 years and observing the resulting climate changes. If anthropogenic emissions were to be very different from the assumed scenarios, then it might be necessary to re-run the models with appropriate forcing, but this is a technical detail. Far more problematic, is that we are unwilling to wait 100 years before learning about climate models, and cannot wait before making today's decisions. It might not take as long as 100 years, and indeed recent evidence does hint at the models modestly overestimating the rate of climate change, 29 but there is certainly not yet sufficient evidence to overturn the major paradigms of today's models. Therefore, it could be argued that predictions of long-term climate change are in a practical sense unfalsifiable. However, an alternative route to challenging the underlying assumptions of the models would be to create competing climate models based on different hypotheses, which reproduce existing phenomena with acceptable skill, but generate substantively different behavior in the future. It is therefore interesting to consider why there are no such models. There are two possible, mutually exclusive answers. Either models agree because their consensus represents a reality that any plausible depiction of the climate system will exhibit, or alternatively, no-one has created a different model because there has been insufficient pursuit of alternative hypothesis regarding the climate system.
Generally in scientific research, models based on alternative hypotheses and theories exist wherever there is sufficient uncertainty for them not to be ruled out. In climate models, the details of the parameterizations in the model code may vary, but the principles of fluid dynamics, thermodynamics, and radiation that lead to the primary results of global warming under increasing atmospheric carbon dioxide are common to all climate models. Conversely, if we step outside the purely physical realm and consider biological components of the earth system (which are now increasingly incorporated into climate models), the underlying processes operating are less clear and there is not as much consensus concerning the underlying principles. Here it is possible to find a wider range of hypotheses underpinning the models, and new models based on alternative hypotheses are under development. 30 There is also, within climate science, a strong incentive on the individual scientists to produce novelties in their representations of the climate system. Any improved formulation may be widely cited and adopted, and will bear the researcher's name for years to come. Furthermore, there is nothing to prevent researchers from constructing and developing radically new formulations of the climate system, especially within the university system. Such models could first be implemented as rather simple models, and only grow in complexity as they demonstrate success. Indeed there does exist a wide are a range of models of intermediate complexity (called EMICs), but none of these are based on substantively different hypotheses of the underlying processes. The lack of credible alternative models is, in our opinion, evidence that such models are not sufficiently successful for them to have progressed. Some researchers have attempted to generate a range of results by varying parameter values within a GCM. [31] [32] [33] These experiments can be viewed as an attempt to search for a wider range of behaviors than previously exhibited. While some extreme behavior can be found, these models are generally only subjected to rather rudimentary tests of performance, far less intensive than the suite of experiments that is standard for a GCM. More detailed analysis may reveal more substantial problems with their behavior. 34 Furthermore, a large majority of all these alternative models (and typically the best performers out of the candidate ensemble) generate behaviors that are highly compatible with existing knowledge. It is debatable whether these models with different parameter values can sample as broad a range of uncertainty as is already achieved by the GCM ensemble due to its structural diversity, 35 but this would seem to lend weight to the argument that the main results of the GCM ensemble are indeed robust.
Nevertheless, one could argue that some combination of social pressure, and convenience, results in models sharing too much theory and even code, to the extent that they are little more than replicates. The validity of these competing arguments can hardly be decided on the basis of rhetoric, but there is yet little progress on how they can be assessed by analysis of the ensemble or other methods. Thus we consider this to be a particularly important area for future research. If it is the case that the pressure to conform in climate science has led to a serious disruption of the scientific process, then attention should indeed be focused toward building alternative models based on fundamentally contrasting physical hypotheses that perform equally well or better for the modern and past climates. However, proponents of such an exercise should note that while encouraging diversity in model design seems a laudable goal, alternative ideas cannot easily be conjured up from nothing, but are instead typically provoked by failures of the existing paradigm. 36 Despite understanding the basic processes underlying the physics of the climate system, it is clear that the state-of-the-art climate models are not 'good enough', if we desire high resolution predictions with high temporal and spatial resolutions over coming decades. Thus far we seem to have only built sufficient confidence in the broad scale response of temperature and precipitation. The large-scale understanding of the physics seems to be sufficient, but the details are either not well understood, or are not being sufficiently well approximated by the model code. Given the spread of model results at the local scale, the issue is not so much one of falsification, but rather that current models do not provide much of a guide as to future climate change. Research to address this deficit in the models is required in order for the models to become truly trustworthy, but it is not clear when, if ever, this will be achieved.
CONCLUSIONS
Approaches for interpreting climate model consensus and reliability are still limited, and this is an important area for further research. While it is universally accepted that scientific knowledge is always provisional and imperfect, we see little reason to anticipate any major re-evaluation that could undermine current understanding, which although supported (and in some cases initially produced) by complex climate models, is also amenable to a more qualitative level of explanation. We can therefore be confident that the broad features of the climate system response to anthropogenic forcing are reasonably represented by current models. However, the credibility of model outputs is clearly limited when we focus on the finer scales at which knowledge is desired by stakeholders. Increases in model resolution have generated more spatially detailed, but not necessarily more accurate, predictions, and sub-continental scale performance remains poor. While prediction of climate variation on the decadal timescale appears theoretically possible, there are as yet few results showing a useful degree of skill. Recent investment in these areas of research has been substantial, but the benefits have been limited and it is not clear how best to make progress in closing the gap between actual and potential (or perhaps desired) performance.
